The mechanism of water oxidation by MnO 2 electrodes was investigated at various pH values, using in situ UV-vis absorption spectroscopy. The surface Mn 3+ formed as an intermediate species during water oxidation showed a d-d transition band with a peak at 510 nm at pH 6, while the peak shifted to 470 nm at pH 13. This shift of the absorption peak is attributed to the deprotonation of hydroxyl ligands of Mn
Introduction
Multi-electron oxidation of water to oxygen is the efficiencylimiting reaction in artificial photosynthesis due to the inherent difficulty to handle the four-electron/four-proton reaction. [1] [2] [3] Motivated by a water oxidation center in photosystem II (PSII), [3] [4] [5] considerable effort has been devoted to developing effective Mnbased electrocatalysts. Among the Mn catalysts reported to date, Mn oxides have been found to function as effective electrocatalysts under strongly alkaline conditions. However, the sharp decrease in their catalytic performance under neutral conditions has hampered their successful application as components of artificial photosynthetic systems.
Recently, we have reported that an absorption band with a peak at 510 nm was generated during the catalytic cycle of water oxidation by a Mn-oxide electrocatalyst. 6, 7 Measurement of in situ water oxidation current and optical absorption have shown that the 510-nm absorption is assigned to the d-d transition of surface-associated Mn 3+ , which is formed by electron injection from H 2 O to anodically poised MnO 2 and serves as a precursor for the O 2 evolution reaction. Notably, Mn 3+ is unstable at pH < 9 due to charge disproportionation (CD) into Mn 2+ ) under highly alkaline conditions. Thus, we have proposed that the sharp decrease in the catalytic activity of MnO 2 at pH < 9 is due to the inherent instability of Mn 3+ , whose regeneration requires the non-proton-coupled electrooxidation of Mn 2+ at approx. 1.4 V (vs. SHE). 6, 7 The new mechanism has important implications for exploring efficient Mn-oxide catalysts for the oxidation of H 2 O to O 2 . It will also lead to new understanding for the marked difference in catalytic performance between naturally occurring and synthetic Mn catalysts at physiological pH. Namely, Mn 3+ is free from CD during the Kok cycle of PSII, in contrast to synthetic Mn oxides. Thus, further clarification of the mechanism is very important. In this work, we have investigated the effect of solution pH on the d-d transition of surface-associated Mn 3+ , because the ligand field splitting of a Mn center is expected to depend strongly on solution pH owing to the occurrence of protonation or deprotonation in the water ligand bound to Mn 3+ . As expected, we observed a clear effect of solution pH on spectral features of Mn 3+ .
Experimental
Manganese oxide (MnO 2 ) electrodes were prepared using a spray deposition method. Briefly, a 0.5 mM MnO 2 colloidal solution, which was synthesized by the reduction of KMnO 4 with a stoichiometric amount of Na 2 S 2 O 3 , was repeatedly sprayed onto a clean conducting glass substrate (FTO-coated glass, resistance: 20 ³/sq) held on a hotplate at 200°C. The resultant transparent darkbrown film on the electrode was thoroughly rinsed with pure water and then calcined at 500°C in air for 2 h.
Current density ( j) vs. potential (U) curves were obtained with a commercial potentiostat and potential programmer (HZ-5000, Hokuto Denko) using a Pt wire as the counter electrode and a Ag/AgCl/KCl(sat.) electrode as the reference electrode, respectively. The electrolyte solution of a 0.5 M Na 2 SO 4 aqueous solution was prepared using highly pure Milli-Q water and reagent-class chemicals, and the pH was adjusted using 0.1 M H 2 SO 4 , 1.0 M NaOH, and their mixture. A phosphate buffer solution was prepared from a mixture of 50 mM NaH 2 PO 4 and 50 mM Na 2 HPO 4 .
Optical absorption spectra were measured in diffuse transmission (DT) mode using a UV-vis spectrometer (UV-2550, Shimadzu) equipped with a multipurpose large-sample compartment with a built-in integrating sphere (MPC-2200, Shimadzu). For in situ acquisition of spectra, a MnO 2 film electrode mounted in the electrochemical cell was placed in front of the integrating sphere to collect diffused transmission light.
Results and Discussion
In the previous studies, 6 ,7 UV-vis spectroelectrochemical detec- , UV-vis absorption spectra of a MnO 2 electrode were measured at 1.7 V with and without phosphate (50 mM), using spectral data obtained at 1.1 V as a reference (Fig. 1) . In both cases, an absorption band appeared in the spectral region of the Mn 3+ d-d transition, while a red-shift from 510 to 540 nm was observed in the presence of phosphate. Phosphate has a specific affinity to Mn oxides 8 and its coordination to Mn 3+ is expected to cause a red-shift of the d-d transition absorption band due to its electron-withdrawing property. 9 Meanwhile, a blue-shift of the Mn 3+ d-d transition from 510 to 470 nm was observed for Mn oxides following the coordination of electron-donating amine groups to Mn 3+ (trace 3, Fig. 1 ). Therefore, the observed red-shift caused by the addition of phosphate indicates that phosphate not only functions as a pH buffer, but also alters the ligand field splitting of surface-associated Mn 3+ species via specific coordination. To examine the effects of protonation or deprotonation in the water ligand bound to Mn 3+ , UV-vis absorption spectra shown hereafter were taken in the absence of the pH buffering agent. Figure 2 shows the UV-vis absorption spectra of surfaceassociated Mn 3+ species generated during water oxidation at pH 6, 10, and 13 under unbuffered conditions. 10 With increasing pH, the absorption peak shifted from 510 to 470 nm, which was accompanied by a decrease in the peak intensity. These observations demonstrate that the coordination environment of Mn 3+ at neutral pH differs from that under alkaline conditions and suggest that the ligand field splitting of surface-associated Mn 3+ species becomes larger at pH 13 than that at pH 6.
Regarding the origin of the observed pH-dependent coordination of Mn
3+
, it is worth noting the new mechanism of water oxidation by MnO 2 . As described in the introduction, Mn 3+ is stable relative to CD at pH 13. Therefore, Mn 3+ generated by electron injection from water to anodically poised MnO 2 may generate the absorption band at 470 nm. As the pK 2 ions. In the spectrum measured at pH 10, absorption bands appeared at 510 and 470 nm. The spectrum at pH 10 is a superimposition of the spectra observed at pH 6 and 13. As the transition point for the occurrence of CD and CC of Mn 3+ is at around pH 9-10, Fig. 2 were conducted under unbuffered conditions. Therefore, the mechanism for water oxidation is expected to vary from that for an alkaline solution to that for a neutral solution with the progress of water oxidation due to proton accumulation. We demonstrated in the previous works that a water oxidation current sharply decreased upon scanning the electrode potential in the positive direction at pH 12 in the absence of a pH buffer (Fig. 3A, solid line) , while a continuous increase in current was attained with stirring ( Fig. 3A, dotted line) . 6, 16 This effect of stirring on the j-U curves is a clear indication that accumulation of protons altered the mechanism of water oxidation. In consistent with the j-U curve at pH 12, we found that the UV-vis absorption spectra of the Mn 3+ d-d transition at pH 12 also varied with the progress of water oxidation. As shown in Figs. 3B and 3C, upon sweeping the potential from 0.7 to 1.8 V without stirring, the ratio of the absorbance at 470 nm to that at 510 nm (¦Abs 470 / ¦Abs 510 ) decreased from 1.3 to 0.8. Notably, the decrease in ¦Abs 470 /¦Abs 510 became prominent at U higher than 0.9 V, at which the water oxidation current began to be suppressed. On the other hand, in the case of stirring, ¦Abs 470 /¦Abs 510 remained constant at 1.3 (Fig. 3B, open squares) . The agreement between the potential dependence of the water oxidation current and ¦Abs 470 / ¦Abs 510 in Fig. 3 Electrochemistry, 82(5), 325-327 (2014) 
